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Abstract. Plant growth is often co-limited by nitrogen (N) and phosphorus (P). Plants
might use one element to acquire another (i.e., trading N for P and P for N), which potentially
explains synergistic growth responses to NP addition. We studied a 66-yr-old grassland experi-
ment in South Africa that consists of four levels of N addition with and without P addition.
We investigated the response of aboveground net primary production (ANPP) to N and P
addition over the last 66 yr. Further, we tested whether phosphatase activity and plant P
uptake depend on N availability, and vice versa, whether non-symbiotic N2 fixation and plant
N uptake depend on P availability. We expected that the interaction of both elements promote
processes of nutrient acquisition and contribute to synergistic plant growth effects in response
to NP addition. We found synergistic N and P co-limitation of ANPP for the period from 1951
to 2017 but the response to N and P addition diminished over time. In 2017, aboveground P
stocks, relative rRNA operon abundance of arbuscular mycorrhizal fungi, and soil organic P
storage increased with N fertilization rate when N was added with P compared to the treatment
in which only N was added. Further, N addition increased phosphatase activity, which indi-
cates that plants used N to acquire P from organic sources. In contrast, aboveground N stocks
and non-symbiotic N2 fixation did not change significantly due to P addition. Taken together,
our results indicate that trading N for P likely contributes to synergistic plant-growth response.
Plants used added N to mobilize and take up P from organic sources, inducing stronger recy-
cling of P and making the plant community less sensitive to external nutrient inputs. The latter
could explain why indications of synergistic co-limitation diminished over time, which is
usually overlooked in short-term nutrient addition experiments.
Key words: ecological stoichiometry; N and P co-limitation; N and P trade-offs; non-symbiotic N2
fixation; phosphatase activity; plant N and P uptake.
INTRODUCTION
In grassland ecosystems, plant communities are pre-
dominantly co-limited by N and P and often show a syn-
ergistic growth response when N and P are added
together (Elser et al. 2007). This was also found by Fay
et al. (2015) and Harpole et al. (2016) who showed,
based on 40 grassland sites, that plant productivity
increased with the number of nutrients added, highlight-
ing the role of multiple resource limitations for plant
productivity. Different concepts of N and P co-limitation
have been proposed (Harpole et al. 2011, Townsend
et al. 2011), but the terminology covering how primary
consumers respond to multiple resource addition is often
used inconsistently in the literature. In this study, we
refer to “co-limitations” when combined N and P addi-
tion increase primary productivity to a greater extent
than the single addition of N or P (NP > N and NP > P)
and we refer to “synergistic effects” and “synergistic co-
limitation” when the increase in primary productivity
caused by combined N and P addition is larger than the
sum of the increases caused by single N and single P
addition (NP > N+P; for graphical illustration, see
Appendix S1: Fig. S1).
The mechanisms that cause synergistic responses of
plant growth to multiple element addition are not well
understood (Davidson and Howarth 2007). Potential
explanations could be that plants and microbes adapt
mechanisms of element uptake or change allocation pat-
terns, in the way that they invest one element they have
in excess into the acquisition of a limiting element until
their growth is equally limited by both elements (Bloom
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et al. 1985). Recent studies have demonstrated that inter-
actions between N and P may promote plant nutrition
(Ohkama-Ohtsu and Wasaki 2010), e.g., through shap-
ing the root architecture via root branching (Chevalier
et al. 2003, Desnos 2008), increasing the rates of arbus-
cular mycorrhiza fungi colonization (Nasto et al. 2014)
or upregulating the active transport system for inorganic
N and P uptake (Zeng et al. 2012). In addition, plants
and microbes might trade one element to acquire
another (e.g., trading N for P and P for N). Two impor-
tant nutrient acquisition processes that may depend on
interrelationships of N and P availability are the fixation
of atmospheric N2 and the mineralization of organic P
through phosphatase enzymes.
Symbiotic and non-symbiotic N2 fixation turns the
atmospheric N2 into reactive N, and renders it available
for biota (Vitousek et al. 2013). Fixation of N2 is cat-
alyzed by the nitrogenase enzyme complex (Vitousek
et al. 2002, Reed et al. 2011), which requires 16 moles of
ATP to reduce one mole of N2 (Simpson and Burris
1984). Consequently, N2 fixation goes along with high
energetic costs and an increased P demand required to
synthesize ATP (Vitousek et al. 2002, Reed et al. 2011).
Hence, symbiotic and non-symbiotic N2 fixation rates
have often been shown to increase with higher P avail-
ability, whereas N inputs usually decrease N2 fixation, as
it is more economic for plants and microorganisms to
utilize reactive N than to fix N2 (Eisele et al. 1989, Smith
1992, Hartley and Schlesinger 2002). However, for tropi-
cal forests it has been found that symbiotic N2 fixation
does not necessarily increase or decrease in response to
high P or N availability, respectively, which therefore has
been described as a biogeochemical paradox (Hedin
et al. 2009). Reasons for this could be that some legumes
are not capable of downregulating N2 fixation (e.g., obli-
gate N2 fixers) or that symbiotic N2 fixation is advanta-
geous for P acquisition in P-poor but N-rich ecosystems
(Hedin et al. 2009, Nasto et al. 2014).
While N2 fixation may depend on P availability, the
mobilization of organic P depends on available N
because exoenzymes that catalyze P mineralization con-
tain N (Spohn 2016). Thus, organisms can use N to syn-
thesize phosphatase enzymes promoting P acquisition.
For instance, Nasto et al. (2014) showed for a lowland
tropical rainforest that symbiotic N2 fixers cause higher
phosphatase activities than non-fixing plants. Further-
more, several studies reported a higher soil phosphatase
activity under elevated N inputs, which might increase
the pool of plant-available P through mineralization of
organic P (Olander and Vitousek 2000, Allison and
Vitousek 2005, Marklein and Houlton 2012, Heuck
et al. 2018, Widdig et al. 2019). In contrast, addition of
inorganic P to soil decreases phosphatase activity
because organisms stop investing into phosphatase pro-
duction once their P demand is covered by inorganic P
(Spiers and McGill 1979, Olander and Vitousek 2000).
Taken together, several studies have demonstrated that
organisms may trade N for P, and vice versa P for N
through adjusting rates of soil N and P acquisition pro-
cesses. However, whether these interactions of N and P
promote aboveground net primary production (ANPP)
and thereby cause synergistic growth effects in response
to NP addition is less well studied.
The aims of this study were to elucidate the impact of
changing soil N and P availabilities on (1) mechanisms
of N and P acquisition and (2) their effects on ANPP
and plant N and P uptake. For this purpose, we investi-
gated a 66-yr-old nutrient addition experiment in a
mesic grassland in South Africa. Previous research has
shown that vegetation in this grassland was N and P co-
limited with a tendency toward synergistic responses of
ANPP to combined NP addition in the period from
1951 to 1980 (Fynn and O’Connor 2005). We hypothe-
sized, first, that ANPP in this grassland shows synergis-
tic N and P co-limitation in the period from 1951 to
2017 (hypothesis 1). Second, we expected that the
increase in ANPP upon NP addition is promoted by
interactions in N and P acquisition processes. Specifi-
cally, we hypothesized that that plants and microorgan-
isms use added N to acquire P from organic P sources in
soil by releasing larger amounts of phosphatases or
increasing mechanisms of plant P uptake (hypothesis 2).
Vice versa, we hypothesized that plants and microbes
use added P to acquire increased amounts of N through
non-symbiotic N2 fixation and increased plant N uptake
(hypothesis 3).
MATERIAL AND METHODS
Study area
The experiment was carried out in a mesic grassland
located at the Ukulinga Research Farm close to Pieter-
maritzburg city, KwaZulu-Natal, South Africa
(29°24´ E, 30°25´ S). The vegetation is classified as a
southern KwaZulu-Natal moist grassland Mucina and
Rutherford 2006), and the dominant plant species are
Themeda triandra Forssk., Heteropogon contortus L.,
and Tristachya leucothrix Trin ex. Nees, which are inter-
spersed with C3 trees (e.g., Acacia sieberiana DC.; Fynn
and O’Connor 2005). However, trees were absent in the
experimental area (covering about 5,000 m2). The grass-
land hosts a relatively high plant diversity with 9 differ-
ent grass species/m2 and 14 different forb species/m2
(Zeglin et al. 2007), and the ANPP averages approxi-
mately 310 gm2yr1 considering the period from 1951
to 1980 (Fynn and O’Connor 2005). The mean annual
precipitation is 790 mm, and about 80% of the rain falls
during the summer months from October to April.
Mean monthly minimum and maximum temperatures
range between 8.8°C (July) and 26.4°C (February; Fynn
and O’Connor 2005). The site is situated on the top of a
hilly terrain with an elevation of ~840 m above sea level
on a slightly southeast facing slope. According to the
world reference base of soils (WRB) developed by the
FAO the soils are classified as (plinthic) Acrisols
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overlaying shales of the Karoo sedimentary sequence
(Fynn and O’Connor 2005, IUSS Working Group WRB
2015). Soils are shallow (0.6–1.0 m) with a silty-clay tex-
ture (5% sand, 46% silt, 49% clay), moderately acidic pH
values (pH in H2O 5.5), and high stocks of total organic
carbon (TOC; 7.3 kg C/m2) and total nitrogen (TN;
0.47 kg N/m2) in the upper 15 cm (Schleuss et al. 2019).
The site is mown each year, and the biomass is removed.
Even though fire and grazing are frequent and natural
components of South African grasslands, both were
eliminated since the onset of the nutrient addition exper-
iment.
Experimental design and sampling
The long-term nutrient addition experiment started in
1951, and since then N and P have been added each year.
The component of the experiment sampled for this study
consists of four N addition levels each with and without
P addition resulting in eight treatments, each replicated
three times (in total 24 plots). The treatments include a
control (N0P0, with no addition of any nutrient), a P
addition treatment (N0P9 = 8.9 g Pm2yr1), three N
addition treatments without P (N7P0 =
7.1 g Nm2yr1; N14P0 = 14.1 g Nm2yr1; N21P0 =
21.2 g Nm2yr1), and three combined N and P treat-
ments with the same nutrient addition rates as stated
above (N7P9; N14P9; N21P9). Nitrogen was supplied
annually as limestone ammonium-nitrate (28% N) and P
was added annually as super-phosphate (10.5% P). All
experimental plots (9 9 2.7 m) were randomly arranged
in a block design with a minimum distance of 1 m
between the plots. Aboveground NPP was measured by
harvesting a 2.13 m wide strip across the 2.7 m wide plot
in winter 2017 (and in the same way for all previous
years, too), giving a total area sampled per plot of 5.75
m2. In February 2017, we took six soil samples per plot
from the upper 15 cm based on an equidistant sampling
design using a 3.5 cm diameter soil corer. The six soil
samples per plot were pooled, resulting in one mixed
sample per plot. All soil samples were stored in plastic
bags at room temperature and were transferred to the
University of Bayreuth within one week after sampling.
Soil, plant, and microbial analyses
Fresh aboveground biomass was dried (60°C) and sub-
sequently weighed. Moist soil samples were sieved
(<2 mm) and roots, stolons, and rhizomes were removed.
Soil was dried at 50°C. Soil water content and soil water
holding capacity (WHC) were determined gravimetri-
cally using field moist samples. For the determination of
the maximum WHC, field moist samples were oversatu-
rated, then left for 24 h on a sand bath until maximum
WHC was reached, and finally samples were weighed
before and after drying at 105°C (€Ohlinger 1996). Fur-
ther, fresh soil of each plot was adjusted to a WHC of
60% and preincubated for 5 d at 15°C before subsequent
measurements (i.e., for soil water extracts, phosphatase
activities, and non-symbiotic N2 fixation; see below).
For the determination of total organic C (TOC) and
total N (TN) concentrations of soil and aboveground
biomass, milled material was measured with an element
analyzer (Vario Max Elementar, Hanau, Germany).
Total P (TP) concentrations of soil and aboveground
biomass were determined using an inductively coupled
plasma-optical emission spectroscopy (ICP-OES; Vista-
Pro radial, Varian) after a pressure digestion in aqua-re-
gia (HNO3 + 3 HCl) and concentrated nitric acid
(HNO3), respectively.
For measurements of element concentrations in soil
water extracts a dry-mass equivalent of 20 g soil was
extracted in 80 mL distilled water and filtered
(0.45 µm). The filtrated water extracts were measured
for total dissolved N (DN; TOC-TN Analyzer, Jena
Analytics, Jena, Germany), dissolved inorganic N (DIN;
NH4
+ measured via flow injection analysis, FIA-Lab,
MLE Dresden, Dresden Germany; and NO3
- measured
via ion chromatography, Metrohm 881 Compact IC pro,
Herisau, Switzerland), dissolved organic C (DOC; TOC-
TN Analyzer, Jena Analytics), and dissolved inorganic P
(DIP; UV 1800, Shimadzu, Kyoto, Japan).
Total organic P.—Total organic P (TOP) was determined
using a differential method proposed by Saunders and
Williams (1955). Milled soil samples were separated in
two aliquots, each of 1 g. The first aliquots were directly
extracted with 0.5 mol/L H2SO4 in a horizontal shaker
for 16 h. The other aliquots were ignited at 550°C for
24 h and subsequently extracted in H2SO4 in the same
way. Inorganic P was measured in the extracts by the
molybdenum blue method according to Murphy and
Riley (1962) using a spectrophotometer (UV-1800, Shi-
madzu Corporation). Total organic P was calculated as
difference between inorganic P in ignited and non-ig-
nited samples.
Non-symbiotic N2 fixation.—Atmospheric N2 fixation
by free-living microorganisms was measured based on a
stable isotope approach using 99.8 atom% 15N2 (Zech-
meister-Boltenstern 1996). Soil (4 g dry-mass equivalent)
was added to a 12 mL exetainer (Labco, Lampeter,
UK). All exetainers were flushed with argon, evacuated,
and finally filled with 7.2 mL 15N2 and 0.8 mL O2. For
each step, pressure changes were noted to ensure a
precise calculation of the artificial atmosphere composi-
tion (average composition (v/v): 15N2 = 72.5%  3.1%;
O2 = 8.2%  1.6%; Ar = 19.2%  1.5%). Samples were
incubated in the dark at 15°C for 72 h and afterward
dried at 50°C. Soil samples exposed to 15N2 atmosphere
and non-exposed controls were milled and analyzed for
15N (Delta plus, Conflo III, Thermo Electron Coopera-
tion, Bremen, Germany). The d15N signature was calcu-
lated using the isotope ratio of each sample (Rsample =
15N/14N) and calculated as 15N atom%. The 15N2
fixation rate (in ng Ng soil1h1) was estimated using
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an isotope mixing model (Zechmeister-Boltenstern
1996):
15N2fixation rateðngNg soil1h1Þ¼TNðmgNg soil1Þ
ð
15Nlabeledðatom%Þ 15NNAðatom%ÞÞ
100 t hð Þ 106
where TN is the total soil N (in mg N/g soil), 15Nlabeled
(atom%) is the percentage of 15N atoms in the labeled
sample, 15NNA (atom%) is the percentage of
15N atoms in
the control samples, and t is the incubation time (in h).
Phosphatase activity
Phosphatase activity was determined according to Ger-
man et al. (2011). A 1 g portion of moist soil was homog-
enized in 50 mL of sterile water by shaking for
20 minutes. The soil homogenates were pipetted into
microplates and fluorescent substrate solution was added.
Samples were preincubated in the dark at 15°C for
30 minutes, and subsequently measured fluorometrically
after 0, 30, 60, and 180 minutes using a microplate reader
(Infinite 200 PRO, TECAN, Mannedorf, Switzerland).
Fluorescence was corrected for quenching of the soil as
well as for the fluorescence of substrate and soil (German
et al. 2011). Phosphatase activity was calculated from the
slope of net fluorescence over incubation time in nmolg
soil1h1 according to German et al. (2011).
Predicted relative abundance of AMF.—Abundance of
arbuscular mycorrhizal fungi relative to the whole fungal
community and predicted abundance of the nifH gene,
which encodes the nitrogenase iron protein (nifH), relative
to the prokaryotic gene profile were extracted from an
amplicon sequencing-based survey of the same plots (Sch-
leuss et al. 2019). As previously described in more detail
(Schleuss et al. 2019), the ITS2 region of fungal rRNA
operons and the V4 region of bacterial 16S rRNA genes
were sequenced using Illumina amplicon sequencing tech-
nology (Illumina, San Diego, CA, USA). Raw reads (ac-
cessible as NCBI bioproject PRJNA517390) were trimmed
and filtered and sequence variants were determined using
the DADA2 workflow (Callahan et al. 2016) before taxo-
nomic annotation against the UNITE v7.2 (K~oljalg et al.
2013) or SILVA v128 (Quast et al. 2012) databases. Func-
tional annotations and predictions were performed using
FunGuild and PanFP (Nguyen et al. 2016).
Statistics
Statistical analyses were carried out using SigmaPlot
13 (SYSTAT, San Jose, CA, USA) and R version 3.3 (R
Development Core Team 2018). All statistical tests were
considered to be significant at P < 0.05. Before imple-
menting mixed linear models or ANOVAs, data were
checked for normality (Shapiro-Wilk test) and homo-
geneity of variance (Levene test). If necessary, data were
log- or square-root-transformed and retested. We used
one-way ANOVA to test effects of single and combined
N and P addition on ANPP for each single year and N
addition level, separately. To analyze the overall effects
of N and P addition on ANPP for the whole period
(1951 to 2017) mixed linear models were used. We
acknowledged repeated measurements of different years
by selecting “year” as random factor. Further, ANPP
data were separated into two periods (1, 1951–1979; 2,
1994–2017) to investigate the dynamics of ANPP
responses. AWelch test was used to compare both peri-
ods to account for differences in sample sizes.
To test for effects on various plant and soil characteris-
tics and to acknowledge the two factorial design (factor 1,
N addition and factor 2, P addition) two-way ANOVAs
were implemented. Two-way ANOVA was followed by a
Tukey post hoc test for multiple comparisons. Two-way
ANOVA was used to check for three aspects: (1) if there
are significant differences among N levels (N effect), (2) if
there are significant differences among P levels (P effect)
and, (3) if there are significant differences among N levels
within P addition groups (N9 P effect).
To identify independent effects of N addition or P
addition on phosphatase activity and non-symbiotic N2
fixation, we applied linear mixed models using the nlme
package and the multcomp package for a post hoc test
in R. For this purpose, treatments were grouped accord-
ing to their N addition or P addition levels. Additional
variance coming from P addition or N addition was
eliminated by selecting “P addition” or “N addition” as
random factor, respectively.
Simple regressions (Pearson) were used to identify sin-
gle relationships between response variables. Further, we
implemented multiple regression analyses. According to
our hypothesis, we tested how the combinations of N
addition, P addition, DN, DIP, phosphatase activity,
and non-symbiotic N2 fixation contributed to explain
changes in ANPP for the year 2017. Aboveground NPP
was selected as dependent variable in all models. Model
fits were evaluated based on the combined contributions
of all predictors to explain the variance (R2) of the total
model and the significance level. All data are provided in
Metadata S1, Metadata S2, and Data S1, S2).
RESULTS
Aboveground net primary productivity
Aboveground NPP records for the period 1951 to
2017 showed that both single and combined N and P
addition increased ANPP and led to synergistic growth
responses (Fig. 1a). Aboveground NPP amounted on
average to 385 g dry massm2yr1 in the control and it
was increased by 18% in the single P addition treatment.
Single N addition increased ANPP by 17%, 27%, and
22% in the low, medium, and high N treatment, respec-
tively, and on average by 22%. The strongest increase in
ANPP was observed in response to combined NP
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addition, being significantly higher than in all single
addition treatments of N or P. In the NP treatments,
ANPP increased by 59%, 73%, and 70% due to the low,
medium, and high N addition rates, respectively, as com-
pared to the control with a mean of 67% increase
(Fig. 1a). The increase in ANPP due to combined N and
P addition was significantly higher than the sum of the
increases in ANPP caused by single N and single P addi-
tion. This was observed for all N addition levels. The dif-
ference in the ANPP response between the combined
NP treatment and the sum of the increases due to single
N and single P addition amounted to 24%, 28%, and
30% in the low, medium, and high N addition level,
respectively (Appendix S1: Fig. S2).
We found that synergistic effects due to combined N
and P addition decreased over time, as indicated by nega-
tive linear relationships of the difference in effect size (NP
 N + P) over time for the low and high N addition rate
(Appendix S1: Fig. S3). Further, we found that during the
first 30 yr of the experiment (1951–1979), years in which
a significant N and P co-limitation occurred more fre-
quently than in the second period of the experiment
(1994–2017; Appendix S1: Fig. S4, Appendix S2:
Table S1). Accordingly, mean ANPP response ratios to
nutrient addition were significantly lower in the second
period of the experiment in most nutrient addition treat-
ments (except for N0P9 and N21P0, Fig. 1b). The decrease
in the ANPP response over time was especially visible in
all NP treatments; the ANPP response decreased on aver-
age by 45%, 35%, and 38%, in the low, medium, and high
N addition rate, respectively, in the period 1951–1979
compared to the period 1994–2017 (Fig. 1b).
In the year 2017, ANPP ranged between 267 to 442 g
DM/m2 across all treatments, with lowest ANPP found
in the control (Table 1, Appendix S1: Fig. S5). Two-way
ANOVA indicated a positive effect of P addition, but
subsequent post-hoc tests (Tukey) revealed no signifi-
cant difference between treatments. Further, N addition
alone had no effect on ANPP (P > 0.05) in the year
2017 (Table 1). Multiple regression analyses indicated
that P addition and phosphatase activity were the best
predictors of ANPP in 2017 (Appendix S2: Table S2).
After eliminating insignificant variables from the model,
P addition explained 25% and phosphatase activity
explained 13% of the variance in ANPP, respectively. In
contrast, N addition, DN concentrations, and non-sym-
biotic N2 fixation had no effect on ANPP in each of
three models (Appendix S2: Table S2).
Aboveground N and P stocks and concentrations in 2017
Aboveground N stocks did not differ significantly
between element addition treatments, but we observed a
positive correlation between aboveground N stocks and
N addition in treatments without P addition (R2 = 0.37,
P < 0.05, Appendix S1: Fig. S6a). Aboveground N con-
centrations in the control amounted to 11.5 mg N g/dry
mass and were significantly higher in all single N addition
treatments as compared to the control (Table 1). In the N
treatments without P addition, N concentrations in
aboveground biomass were strongly correlated with the N
addition rate (R2 = 0.89, P < 0.001, Appendix S1:
Fig. S6b). In contrast, in the NP treatments, we found no
significant difference in aboveground N concentrations
between N levels (Table 1) and no correlation with N
addition rate (Appendix S1: Fig. S6a, b). Phosphorus
addition significantly reduced aboveground N concentra-
tions in all NP treatments as compared to respective N
treatments without P addition (Appendix S2: Table S1).
Aboveground P stocks were significantly higher in all
treatments receiving P compared to treatments without
P addition (Table 1), and the aboveground P stocks were
higher the more N was added in combination with P
(R2 = 0.32, P < 0.05, Appendix S1: Fig. S6c). Single P
addition significantly elevated P concentrations in the
aboveground biomass by a factor of 2.6 as compared to
the control, while single N addition did not change P
concentrations in aboveground biomass independently
of how much N was supplied (Table 1). However, when
P was added together with N, aboveground P concentra-
tions were consistently higher than in all corresponding
single N treatments. Most important, the aboveground P
FIG. 1. Effects of single and combined N and P addition on
aboveground net primary production (ANPP) between 1951 and
2017. Note that ANPP data are not available for all years (miss-
ing years 1980–1993, 1995, 2001, 2010, 2013, and 2016). For
panel a, box plots show the median (black line), the 25th and the
75th percentile (box edges) and the 10th and the 90th and per-
centile (error bars) (n = 48). Different lowercase letters indicate
significant differences (P < 0.05) between nutrient addition treat-
ments. Repeated measurements of different years were acknowl-
edged by selecting year as random factor in a mixed linear
model. For panel b, response ratios (RR; treatment/control) of
ANPP (mean and standard error) were calculated for the periods
1951–1979 (n = 29) and 1994–2017 (n = 19), separately. AWelch
test was used to compare both periods since groups differed in
sample size. Asterisks indicate significance differences between
both periods (P < 0.05). The x-axis shows the N addition treat-
ments with and without P addition (N addition rates: 0, 7, 14, or
21 gNm2yr1 and P addition rates: 0 and 9 gPm2yr2 ).
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concentrations increased with N addition rate when N
was added in combination with P (R2 = 0.56, P = 0.003,
Appendix S1: Fig. S6d). Accordingly, in the NP treat-
ments, aboveground P concentrations were significantly
higher by a factor of 1.30, 1.28, and 1.40 in the low, med-
ium, and high N addition level, respectively, as com-
pared to the single P addition level.
Element concentrations in soil and soil water extracts
While soil TOC and TN concentrations were indepen-
dent of N and P addition, soil TP concentrations
strongly increased in treatments with P addition
(Appendix S2: Table S3, Appendix S1: Fig. S7). DN con-
centrations increased with N addition rate but the
increase was less strong when N was added in combina-
tion with P. The DOC concentrations were less respon-
sive to N and P addition, and DOC was only
significantly increased compared to the control in the
high N addition level without P addition (Appendix S2:
Table S3, Appendix S1: Fig. S7). The DIP concentration
was significantly higher in all treatments with P addition
than in the treatments without P addition, and it
increased with N addition rate when N and P were
added in combination (Appendix S2: Table S3,
Appendix S1: Fig. S7). Effects of single and combined N
and P addition on C, N and P concentrations in soil and
soil water extracts are described in more detail in
Appendix S3.
Soil TOP concentrations
In the control, the soil TOP concentration
amounted to 0.25 g P kg/soil. Single N addition did
not change TOP concentrations independently of
application rate. In the NP treatments, TOP concen-
trations significantly increased by a factor of 2.2, 1.7,
and 2.0 in the low, medium, and high NP addition
level, respectively, compared to the single P addition
treatment without N addition (Fig. 2a). Phosphorus
addition significantly increased the TOP concentration
in all N addition treatments (Fig. 2b). Further, we
observed that TOP concentrations significantly
increased with N addition rate in the treatments, in
which N was added in combination with P as com-
pared to the P treatment without N addition
(Fig. 2a). The TOP concentrations were positively cor-
related with aboveground P concentrations (R2 = 0.83,
P < 0.001, Fig. 2c) and aboveground P stocks
(R2 = 0.68, P < 0.001, Fig. 2d).
Phosphatase activity
Phosphatase activity amounted to 114 nmolg
soil1h1 in the control and was significantly higher in
the high N level without P addition by a factor of 8.1
(Table 1). The low and medium N level without P addi-
tion did not significantly differ from the control.
Further, no significant differences were found for
TABLE 1. Effects of N and P addition on aboveground net primary production, aboveground N and P concentrations, and
stocks and soil biochemical properties.
Variable
Two-way ANOVA
Effect of N addition
(among groups) Without P
N P N x P N0 N7 N14 N21 N0P0 N7P0 N14P0 N21P0
ANPP† (2017) n.s. ** n.s. A A A A 267a  79 292a  109 371a  47 326a  135
Abg. Nstock n.s. n.s. n.s. A A A A 3.1
a  0.8 4.3a  1.7 6.6a  1.1 5.9a  2.5
Abg. Nconc† *** ** ** A B B B 11.5
a  0.7 14.7b  0.7 17.6c  0.7 18.1c  1.4
Abg. Pstock n.s. *** n.s A A A A 0.31
a  0.03 0.25a  0.10 0.35a  0.05 0.37a  0.11
Abg. Pconc ** *** ** A AB AB A 1.21
a  0.31 0.84a  0.09 0.94a  0.16 1.18a  0.12
TOP‡ ** *** *** A B AB AB 0.25a  0.02 0.22a  0.01 0.25a  0.03 0.23a  0.01
PASE *** ** ** A A A B 114a  30 249a  181 417a  183 917b  211
Nfix† ** n.s. n.s. A B B AB 12.4a  2.5 5.2a  5.0 4.6a  3.2 6.7a  3.4
AMF n.s. *** n.s. A A A A 16.2a  7.4 6.5a  4.6 6.7a  2.6 5.6a  4.4
nifH *** n.s. ** A A B C 122a  6 114a  5 85b  10 49c  8
Notes: Values are means  SD. Separate and combined effects of N and P addition were tested by two-way ANOVA followed
by a Tukey post hoc test. Some variables were transformed to maintain requirements on normal distribution and variance
homogeneity. Different uppercase letters show significant differences among N levels (P < 0.05), and asterisks indicate significant
differences among P levels (P < 0.05). Different lowercase letters after means indicate significant difference between N addition
rates within P groups (with and without P addition). Abbreviations are N addition rate (Nadd; g Nm2yr1), P addition rate
(Padd; g Pm2yr1), aboveground net primary production (ANPP; g/m2), aboveground N stock (abg. Nstock; g N/m),
aboveground N concentration (abg. Nconc; mg/g), aboveground P stock (agb. Pstock; g P/m
2), aboveground P concentration
(abg. Pconc; mg P/g), total organic P concentrations (TOP; g kg/soil), phosphatase activity (PASE; nmolg soil1h1), predicted
relative gene abundance of arbuscular mycorrhiza fungi (AMF; ppm), non-symbiotic N2 fixation (Nfix; ngg soil1d1), predicted
relative nifH abundance (nifH; ppm). All variables are graphically illustrated with bar plots in Appendix S1: Fig. S5.
*P < 0.05; **P < 0.01, ***P < 0.001.
†log-transformed.
‡Square-root-transformed.
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phosphatase activity between N addition levels in all NP
treatments (Table 1). Phosphatase activity in the treat-
ments without N addition amounted to 146 nmolg
soil1h1 (Fig. 3a). Phosphatase activity increased with
N addition rate and was significantly elevated by a fac-
tor of 4.4 in the high N level as compared to the treat-
ments without N addition (Fig. 3a). Phosphatase
activity decreased with P addition and was significantly
lower in treatments with than without P addition
(Fig. 3b).
The positive effect of N addition on phosphatase
activity was also indicated by a strong positive correla-
tion with the DN concentration (R2 = 0.56, P < 0.001,
Fig. 3c), and the partly negative effect of P addition was
supported by a negative correlation between phos-
phatase activity and log-transformed DIP concentra-
tions (R2 = 0.13, P < 0.05, Fig. 3d). Further, we
observed a strong relationship between phosphatase
activity and DOC:DN ratio. Phosphatase activity
decreased exponentially as the DOC:DN ratio increased
(R2 = 0.59, P < 0.001, Fig. 3e), and it increased expo-
nentially as the log-transformed DIN:DIP ratio
increased (R2 = 0.38, P < 0.001, Fig. 3f).
Non-symbiotic N2 fixation
The non-symbiotic N2 fixation rate was 12.5 ng Ng
soil1d1 in treatments without N addition and was
decreased by a factor of 0.49, 0.25 and 0.46 in the low,
medium, and high N addition level, respectively. How-
ever, N2 fixation rates showed large variations within the
same N addition level; only the medium N level signifi-
cantly differed from the reference N level without N
addition (Fig. 4a). We observed no significant differ-
ences in N2 fixation between the treatments with and
without P addition (Fig. 4b). The non-symbiotic N2 fix-
ation rate in the control plots was on average
12.4 ng Ng soil1d1 (Table 1), which corresponds to
6.6 kg Nha1yr1 in the top 15 cm of the soil. No sig-
nificant difference was found among N treatments with-
out P addition, while for the NP treatments, only the
medium N level was significantly lower, by a factor of
0.17 compared to the P treatment without N addition
(Table 1). Single correlation analysis revealed that the
non-symbiotic N2 fixation rate was negatively related to
the DN concentration (R2 = 0.35, P < 0.01, Fig. 4c),
while it was independent of DIP concentration (Fig. 4d).
Non-symbiotic N2 fixation was positively correlated
with the DOC:DN ratio (R2 = 0.32, P < 0.01, Fig. 4e)
and negatively with the log-transformed DIP:DIN ratio
(R2 = 0.20, P < 0.05, Fig. 4e).
AMF and nifH gene abundance
The predicted relative abundance of rRNA operons of
the arbuscular mycorrhizal fungi (AMF) families Glom-
eraceae, Archaeosporales, Paraglomeraceae, Glom-
eromycetes, and Claroideoglomeraceae was significantly
higher in the treatments with P than without P addition
in all N levels (Table 1), and increased with N addition
rate in the NP treatments (R2 = 0.32, P < 0.01,
Appendix S1: Fig. S8). Yet, AMF gene abundance was
Effect of N and P addition (within groups)
With P
N0P9 N7P9 N14P9 N21P9
378a  104 408a  110 430a  91 442a  77
4.6a  1.2 5.9a  1.2 6.3a  2.0 6.0a  1.3
12.2a  0.3 14.7a  1.5 14.5a*  1.9 13.5a*  1.2
1.20a*  0.32 1.69a*  0.45 1.75a*  0.39 1.99a*  0.44
3.19a*  0.24 4.14b*  0.47 4.07b*  0.33 4.48b*  0.23
0.36a*  0.01 0.78b*  0.14 0.62b*  0.08 0.73b*  0.14
178a  45 186a  99 193a  108 369a*  132
12.7a  4.4 7.0ab  5.5 2.1b  1.2 4.9ab  2.2
38.0a*  7.8 57.3a*  19.5 55.9a*  41.2 80.6a*  16.2
99a  6 106a  9 98a  6 67b  15
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independent of N addition in the N addition treatments
without P (P > 0.05, Appendix S1: Fig. S8).
Predicted relative gene abundance of the nitrogenase
iron protein (nifH), which is a marker for the N2 fixing
bacteria community, asymptotically decreased with N
addition rate (R2 = 0.95, P < 0.001, Appendix S1:
Fig. S8), but the response was less strong when N and P
were added together (R2 = 0.77, P < 0.001,
Appendix S1: Fig. S8). In the N treatments without P
addition, predicted relative nifH gene abundance was
significantly lower in the medium and high N addition
level as compared to the control (Table 1). In the N
treatments with P addition only the high N level signifi-
cantly differed from the single P addition treatment
without N addition. Overall, two-way ANOVA revealed
no significant changes in the predicted relative abun-
dance of the nifH gene upon P addition in all respective
N levels (Table 1).
DISCUSSION
Synergistic N and P co-limitation
Combined addition of N and P led to larger increases
in ANPP than the single addition of either N or P in the
period from 1951 to 2017, which indicates a NP co-limi-
tation. The increase in ANPP due to combined NP was
even higher than the sum of the increases observed due
to separate N and separate P addition. Thus, the results
demonstrate a synergistic effect, confirming our first
FIG. 2. Total soil organic P (TOP) concentration as a function of (a) N addition, (b) P addition, (c) aboveground P concentra-
tion, and (d) aboveground P stock. For panel a, bars show means and SD (n = 3). From a two-way ANOVA, different lowercase let-
ters indicate significant differences (P < 0.05) between N addition levels in the NP treatments. Asterisks indicate significant
differences between treatments with and without P addition separately for each N addition level (P < 0.05). For panel b, box plots
show the median (black line), the 25th and the 75th percentile (box edges), and the 10th and the 90th and percentile (error bars)
(n = 12). Mixed linear models with N addition as random factor were applied to identify significant differences between P addition
levels. For panels c-d, single regression analysis (Pearson) was implemented (n = 24).
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hypothesis. Our finding is largely consistent with meta-
analyses reporting increased plant growth in response to
single and especially to combined N and P addition
(Elser et al. 2007, Harpole et al. 2011). However, as
pointed out by Davidson and Howarth (2007), the data
analyzed in Elser et al. (2007) were mainly derived from
short-term experiments, while we demonstrate
synergistic N and P co-limitation of ANPP in a grass-
land experiment based on data that cover a period of
66 yr.
The mechanisms that cause synergistic responses of
ANPP are poorly understood. Here, we show that pro-
cesses of organic P storage, P recycling, and plant P
uptake increased with N addition in the combined NP
FIG. 3. Phosphatase activity as a function of (a) N addition, (b) P addition, (c) dissolved total nitrogen concentration (DN), (d)
log10-transformed dissolved inorganic phosphorus concentration (DIP), (e) DOC:DN ratio, and (f) log10-transformed DIP:DIN
ratio. For panels a and b, box plots show the median (black line), the 25th and the 75th percentile (box edges), and the 10th and the
90th percentile (error bars). Mixed linear models were applied to identify significant differences between N addition levels and P addi-
tion levels, separately. For this purpose, the variance derived from P addition or vice versa the variance fromN addition was eliminated
by selecting P addition or N addition, respectively as random factor. Panels c–f show single regression analyses (Pearson).
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treatments (see discussion on organic P formation, recy-
cling, and uptake, below). We argue that these processes
have contributed to synergistic growth responses, as
hypothesized before in conceptual studies (Bloom et al.
1985, Davidson and Howarth 2007, Craine and Jackson
2010).
Addition of N and P control organic P formation and
recycling
Soil TOP concentrations increased due to P addition,
especially when P was added in combination with N.
The most plausible explanation for this is that the higher
FIG. 4. Non-symbiotic N2 fixation rate as a function of (a) N addition, (b) P addition, (c) dissolved total nitrogen concentration
(DN), (d) log10-tranformed dissolved inorganic phosphorus concentration (DIP), (e) the DOC:DN ratio, and (f) the log10-trans-
formed DIP:DIN ratio. For panels a and b, box plots show the median (black line), the 25th and the 75th percentile (box edges),
and the 10th and the 90th percentile (error bars). Mixed linear models were applied to identify significant differences between N
addition levels and P addition levels, separately. For this purpose, the variance derived from P addition or, vice versa, the variance
from N addition was eliminated by selecting P addition or N addition, respectively, as random factor. Panels e and f show single
regression analyses (Pearson).
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plant productivity and the higher aboveground P con-
centrations in the NP treatments have increased soil
TOP stocks over the 66 yr of the experiment. In agree-
ment with this, we found a strong correlation between
soil TOP concentrations and aboveground P stocks.
Similarly, it has been observed in an Inner Mongolian
grassland-steppe that combined N and P addition
increased TOP concentrations by 8% compared to the
control (Tian et al. 2016). Although organic P is not
directly plant available, it is highly relevant for plant
nutrition because most of the soil organic P can be ren-
dered available through phosphatases that catalyze the
hydrolysis of organic P (Tiessen et al. 1994, Helfenstein
et al. 2018). Evidence for this comes from a study by
Richter et al. (2006) who demonstrated a strong deple-
tion of soil organic P 28 yr after secondary forest estab-
lishment, and suggested that most of the organic P had
been taken up by trees. Accordingly, Margalef et al.
(2017) concluded that the soil organic P reservoir in
combination with phosphatase activity often provides a
better indicator of P availability than direct measure-
ments of available P forms.
We found that phosphatase activity increased with N
inputs, confirming our second hypothesis. Our results
indicate that plants and microbes use additional N to
produce and release phosphatases that render P available
from soil organic P pools. Thus, it seems likely that in
the combined NP treatments, P is more intensively re-cy-
cled from organic pools than in the treatments that
receive only P. The elevated phosphatase activity and the
increased soil TOP concentrations in the NP treatments
have likely contributed to plant P uptake, because both
enhance the probability that a phosphatase enzyme
meets an organic P compound and catalyzes its hydroly-
sis. Thus, the enhanced hydrolysis of organic P could be
an important mechanism explaining synergistic growth
responses of ANPP. Consistently, multiple regression
analysis indicated that 38% of the variance of ANPP
variance was explained by the combination of phos-
phatase activity (explaining 13%) and P addition (ex-
plaining 25%) in the year 2017. Most likely, added N
allowed plants and microbes to synthesize N-costly
phosphatases (Olander and Vitousek 2000, Marklein
and Houlton 2012, Margalef et al. 2017, Widdig et al.
2019), which then rendered OP available for plant
uptake (Treseder and Vitousek 2001). Further, we found
that P addition decreased phosphatase activity. The most
plausible reason for this observation is that plants and
microorganisms downregulate the production of phos-
phatases once their P demands are covered as reported
in previous studies (Spiers and McGill 1979, Olander
and Vitousek 2000, Marklein and Houlton 2012, Heuck
et al. 2018).
Interactions of N and P on plant P uptake
While aboveground P stocks were positively correlated
with the N addition rate, soil DIP concentrations
decreased with N addition rate in all NP treatments.
This indicates that N addition facilitated plant P uptake
(as long as DIP was sufficiently available) and thereby
led to depletion in soil DIP, which is consistent with our
second hypothesis. Our findings are in line with Long
et al. (2016) who demonstrated that P concentrations of
nine different plant species in an Inner Mongolian grass-
land were significantly higher in response to combined
NP addition than in response to the separate addition of
either N or P. Similarly, Deng et al. (2017) showed that
N addition increased plant P uptake in aboveground
biomass across a broad range of terrestrial ecosystems.
Several mechanisms may explain why plant P uptake
benefits from higher N availability. First, plants might
use N for upregulating P uptake transport systems (Zeng
et al. 2012). Since DIP concentrations are much higher
in plant cells than in soil, plants use proton-ATPase
transporters for active phosphate transport across the
plasma membrane (Smith and Jackson 1987, Zeng et al.
2012). Addition of N can enhance the pumping activity
of the anion/H+ co-transport because NH4
+ requires the
release of H+ (Ullrich-Eberius et al. 1984, Jing et al.
2010). Second, elevated N and P inputs might have chan-
ged root traits in a way that promotes plant nutrient
uptake. For example, nitrate and phosphate both serve
as a signal molecule that initiates root branching, which
causes an intensification of small scale soil exploration
(Desnos 2008). Other studies showed that root biomass
can increase under N and P addition; e.g. a meta-analy-
sis on changes in root production due to N and P addi-
tion revealed that single N addition, single P addition
and combined NP addition increased fine root produc-
tion by 11%, 31% and 53%, respectively, relative to the
control in tropical grasslands, respectively (Yuan and
Chen 2012). Third, N and P addition can either nega-
tively or positively affect the abundance and colonization
of AMF (Treseder and Allen 2002, Treseder 2004,
Camenzind et al. 2016). In our study, we observed that
relative gene abundance of AMF increased with N addi-
tion rate, when N was applied in combination with P,
indicating that AMF might have contributed to nutrient
uptake upon combined NP addition. Increasing AMF
abundances with NP addition were similarly observed in
the South Ecuadorian Andes (Camenzind et al. 2016) as
well as in alpine grasslands on the Tibetan Plateau
(Xiang et al. 2016).
Controls on non-symbiotic N2 fixation and plant N uptake
Contrary to our third hypothesis, P addition did not
increase non-symbiotic N2 fixation rates and plant N
uptake. In addition, other processes involved in N acqui-
sition such as leucine-aminopeptidase activity and net N
mineralization rates were also unaffected by P addition
(Schleuss et al. 2019). While previous studies observed
that P addition elevated non-symbiotic N2 fixation as it
provides P for ATP production (Simpson and Burris
1984, Eisele et al. 1989, Reed et al. 2010), our study
May 2020 INTERACTIONS IN N AND P CYCLING Article e03003; page 11
indicates that P does not limit N2 fixation in this grass-
land. The reason for this might be that elements other
than P (e.g., molybdenum) limit non-symbiotic N2 fixa-
tion, as shown previously for different ecosystems (Wurz-
burger et al. 2012). However, we found that N addition
reduced non-symbiotic N2 fixation, which might have dif-
ferent reasons. First, non-symbiotic N2 fixers might
reduce nitrogenase activity when supplied with N, since it
is less energy consuming for them to take up reactive N
than to fix N2 (Smith 1992). Consistently, we observed
that increased DN concentrations were associated with
lower N2 fixation rates. Second, N2 fixation is a highly
energy-requiring process and consequently non-symbiotic
N2 fixing communities rely on available C sources to meet
their energy demands. Long-term N addition reduced C
availability with respect to N as shown by the low DOC:
DN ratios in the N addition treatments (see Schleuss
et al. 2019), and thus might have induced energy limita-
tions for N2 fixation. We found that non-symbiotic N2
fixation negatively corresponded with decreasing DOC:
DN ratios. Our explanations agree with previous studies
showing that low C:N ratios in growth media and direct
inorganic N applications strongly decreased nitrogenase
activity in lab experiments (Drozd et al. 1972, B€uhler
et al. 1987). Furthermore, elevated N inputs could have
constrained the abundance and diversity of the N2 fixing
bacterial community (Fani et al. 2000, Reed et al. 2011)
as revealed by decreased nifH gene abundance. The rela-
tively high N availability compared to other subtropical
and tropical grasslands might also be the reason why the
non-symbiotic N2 fixation rate (6.6 kg Nha1yr1 in
the control) was in the lower range of the rates reported
for savanna grasslands (3.0–30 kg Nha1yr1; Reed
et al. 2011), and was about two times lower than rates
reported for tropical grasslands (11 kg Nha1yr1;
Cleveland et al. 1999).
Similar to non-symbiotic N2 fixation rates, plant N
uptake (measured as aboveground N concentrations and
stocks) was independent of P addition. This is in agree-
ment with results of Craine et al. (2008) who found that
single P addition did not changed aboveground N con-
centrations in five different South African grasslands.
Dynamics of N and P co-limitation
We observed a decreasing response of ANPP to NP
addition over time. One explanation for this could be
that NP addition lead to the formation of a relatively
large organic P stock in the soils and intensified pro-
cesses of P recycling, which turned organic P plant avail-
able. Further, long-term N and P additions have caused
strong changes in the plant community composition and
a 30% decrease in plant species richness in the experi-
ment studied here (Fynn and O’Connor 2005). Similarly,
Isbell et al. (2013) found that the magnitude of ANPP
responses to elevated N inputs decreased over time in a
North American grassland due to strong changes in
plant community composition and loss of dominant
species. The plant communities that developed over time
due to long-term nutrient inputs might be better adapted
to the nutrient-rich conditions, but do not produce more
biomass than the previous community when provided
with increased amounts of N and P. Thus, our results
indicate that plant-growth responses due to increased
nutrient availability might fade out over time due to
changes in plant community composition.
In conclusion, we show that ANPP in this mesic grass-
land has been synergistically co-limited by N and P dur-
ing the last 66 yr, and we found several indications that
interactions between N and P promoted processes of
plant P acquisition and uptake. These interactions likely
have a positive effect on ANPP, explaining synergistic
growth responses of ANPP to combined NP addition.
The combined addition of N and P enhanced the accu-
mulation of organic P in soil and its re-mobilization
through phosphatases. Further, combined NP addition
increased relative AMF gene abundance and elevated
plant P uptake compared to treatments with single P
addition. In contrast, the studied N cycling processes
were mainly independent of NP interactions, and neither
aboveground biomass N stocks nor non-symbiotic N2
fixation increased in response to elevated P availability.
Our results show that interactions between N and P
promote nutrient recycling, which might explain syner-
gistic plant-growth responses under combined NP addi-
tion. The latter has often been observed in grasslands
exposed to short-term NP additions. However, long-
term responses (>50 yr) are hardly investigated and our
data indicate that synergistic growth responses to com-
bined NP addition become less strong over time, likely
due to changes in plant community composition. Thus,
our study gives important insights into long-term co-lim-
itation dynamics that are often neglected.
ACKNOWLEDGMENTS
We thank Renate Krauss, Uwe Hell, and Karin S€ollner for
technical assistance, the chemical analytics (CAN) of the Bayr-
euth Center of Ecological and Environmental Research (BayC-
EER) for chemical analyses, and the Centre for Stable Isotope
Research and Analysis (KOSI) of the University of G€ottingen
for measuring 15N isotopes. Furthermore, we thank our col-
leagues Laura Rose, Alexander Guhr, and Ulrike Schwerdtner
for comments on this manuscript. We are grateful to the many
people who initiated and have meticulously maintained the Veld
Fertiliser Experiment and contributed to data collection on this
experiment since its inception. Particular thanks go to Naledi
Zama and Stuart Demmer who assisted in digitizing data
sheets. The study was funded by the German Research Founda-
tion within the Emmy Noether program (grant SP1389/6-1).
AHB was funded by the German Research Foundation as part
of the German Centre for Integrative Biodiversity Research
(iDiv) Halle-Jena-Leipzig (FZT 118).
LITERATURE CITED
Allison, S. D., and P. M. Vitousek. 2005. Responses of extracel-
lular enzymes to simple and complex nutrient inputs. Soil
Biology and Biochemistry 37:937–944.
Article e03003; page 12 PERMARTEN SCHLEUSS ETAL. Ecology, Vol. 101, No. 5
Bloom, A. J., F. S. III Chapin, and H. A. Mooney. 1985.
Resource limitation in plants-an economic analogy. Annual
review of Ecology and Systematics 16:363–392.
B€uhler, T., R. Sann, U. Monter, C. Dingler, J. Kuhla, and J.
Oelze. 1987. Control of dinitrogen fixation in ammonium-as-
similating cultures of Azotobacter vinelandii. Archives of
Microbiology 148:247–251.
Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J.
A. Johnson, and S. P. Holmes. 2016. DADA2: high-resolution
sample inference from Illumina amplicon data. Nature Meth-
ods 13:581.
Camenzind, T., J. Homeier, K. Dietrich, S. Hempel, D. Hertel,
A. Krohn, C. Leuschner, Y. Oelmann, P. A. Olsson, and J. P.
Suarez. 2016. Opposing effects of nitrogen versus phosphorus
additions on mycorrhizal fungal abundance along an eleva-
tional gradient in tropical montane forests. Soil Biology and
Biochemistry 94:37–47.
Chevalier, F., M. Pata, P. Nacry, P. Doumas, and M. Rossignol.
2003. Effects of phosphate availability on the root system
architecture: large-scale analysis of the natural variation
between Arabidopsis accessions. Plant, Cell & Environment
26:1839–1850.
Cleveland, C. C., A. R. Townsend, D. S. Schimel, H. Fisher, R.
W. Howarth, L. O. Hedin, S. S. Perakis, E. F. Latty, J. C. von
Fischer, and A. Elseroad. 1999. Global patterns of terrestrial
biological nitrogen (N2) fixation in natural ecosystems. Glo-
bal Biogeochemical Cycles 13:623–645.
R Development Core Team 2018. R: A language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.
Craine, J. M., and R. D. Jackson. 2010. Plant nitrogen and
phosphorus limitation in 98 North American grassland soils.
Plant and Soil 334:73–84.
Craine, J. M., C. Morrow, and W. D. Stock. 2008. Nutrient con-
centration ratios and co-limitation in South African grass-
lands. New Phytologist 179:829–836.
Davidson, E. A., and R. W. Howarth. 2007. Environmental
science: nutrients in synergy. Nature 449:1000.
Deng, Q., D. Hui, S. Dennis, and K. C. Reddy. 2017. Responses
of terrestrial ecosystem phosphorus cycling to nitrogen addi-
tion: A meta-analysis. Global Ecology and Biogeography
26:713–728.
Desnos, T. 2008. Root branching responses to phosphate and
nitrate. Current Opinion in Plant Biology 11:82–87.
Drozd, J. W., R. S. Tubb, and J. R. Postgate. 1972. A chemostat
study of the effect of fixed nitrogen sources on nitrogen fixa-
tion, membranes and free amino acids in Azotobacter
chroococcum. Microbiology 73:221–232.
Eisele, L., D. S. Schimel, La Kapustka, and W. J. Parton. 1989.
Effects of available P and N: P ratios on non-symbiotic dinitro-
gen fixation in tallgrass prairie soils. Oecologia 79:471–474.
Elser, J. J., M. E. S. Bracken, E. E. Cleland, D. S. Gruner, W. S.
Harpole, H. Hillebrand, J. T. Ngai, E. W. Seabloom, J. B.
Shurin, and J. E. Smith. 2007. Global analysis of nitrogen
and phosphorus limitation of primary producers in freshwa-
ter, marine and terrestrial ecosystems. Ecology Letters
10:1135–1142.
Fani, R., R. Gallo, and P. Lio. 2000. Molecular evolution of
nitrogen fixation: the evolutionary history of the nifD, nifK,
nifE, and nifN genes. Journal of Molecular Evolution 51:1–11.
Fay, P. A., S. M. Prober, W. S. Harpole, J. M. H. Knops, J. D.
Bakker, E. T. Borer, E. M. Lind, A. S. MacDougall, E. W.
Seabloom, and P. D. Wragg. 2015. Grassland productivity
limited by multiple nutrients. Nature Plants 1:15080.
Fynn, R. W. S., and T. G. O’Connor. 2005. Determinants of
community organization of a South African mesic grassland.
Journal of Vegetation Science 16:93–102.
German, D. P., M. N. Weintraub, A. S. Grandy, C. L. Lauber,
Z. L. Rinkes, and S. D. Allison. 2011. Optimization of hydro-
lytic and oxidative enzyme methods for ecosystem studies.
Soil Biology and Biochemistry 43:1387–1397.
Harpole, W. S., J. T. Ngai, E. E. Cleland, E. W. Seabloom, E. T.
Borer, M. E. S. Bracken, J. J. Elser, D. S. Gruner, H. Hille-
brand, and J. B. Shurin. 2011. Nutrient co-limitation of pri-
mary producer communities. Ecology Letters 14:852–862.
Harpole, W. S., et al. 2016. Addition of multiple limiting
resources reduces grassland diversity. Nature 537:93–96.
Hartley, A. E., and W. H. Schlesinger. 2002. Potential environ-
mental controls on nitrogenase activity in biological crusts of
the northern Chihuahuan Desert. Journal of Arid Environ-
ments 52:293–304.
Hedin, L. O., E. J. Brookshire, D. N. L. Menge, and A. R. Bar-
ron. 2009. The nitrogen paradox in tropical forest ecosystems.
Annual Review of Ecology, Evolution, and Systematics
40:613–635.
Helfenstein, J., F. Tamburini, C. von Sperber, M. S. Massey, C.
Pistocchi, O. A. Chadwick, P. M. Vitousek, R. Kretzschmar,
and E. Frossard. 2018. Combining spectroscopic and isotopic
techniques gives a dynamic view of phosphorus cycling in
soil. Nature Communications 9:3226.
Heuck, C., G. Smolka, E. D. Whalen, S. Frey, P. Gundersen, F.
Moldan, I. J. Fernandez, and M. Spohn. 2018. Effects of long-
term nitrogen addition on phosphorus cycling in organic soil
horizons of temperate forests. Biogeochemistry 141:167–181.
Isbell, F., P. B. Reich, D. Tilman, S. E. Hobbie, S. Polasky, and
S. Binder. 2013. Nutrient enrichment, biodiversity loss, and
consequent declines in ecosystem productivity. Proceedings of
the National Academy of Sciences USA 110:11911–11916.
IUSS Working Group WRB. 2015. World reference base for soil
resources 2014, update 2015: International soil classification
system for naming soils and creating legends for soil maps.
World Soil Resources Reports No. 106. FAO, Rome, Italy.
Jing, J., Y. Rui, F. Zhang, Z. Rengel, and J. Shen. 2010. Localized
application of phosphorus and ammonium improves growth
of maize seedlings by stimulating root proliferation and rhizo-
sphere acidification. Field Crops Research 119:355–364.
K~oljalg, U., R. H. Nilsson, K. Abarenkov, L. Tedersoo, A. F. S.
Taylor, M. Bahram, S. T. Bates, T. D. Bruns, J. Bengtsson-
Palme, and T. M. Callaghan. 2013. Towards a unified para-
digm for sequence-based identification of fungi. Molecular
Ecology 22:5271–5277.
Long, M., H.-H. Wu, M. D. Smith, K. J. La Pierre, X.-T. L€u,
H.-Y. Zhang, X.-G. Han, and Q. Yu. 2016. Nitrogen deposi-
tion promotes phosphorus uptake of plants in a semi-arid
temperate grassland. Plant and Soil 408:475–484.
Margalef, O., J. Sardans, M. Fernandez-Martınez, R. Molowny-
Horas, I. A. Janssens, P. Ciais, D. Goll, A. Richter, M. Ober-
steiner, and D. Asensio. 2017. Global patterns of phosphatase
activity in natural soils. Scientific Reports 7:1337.
Marklein, A. R., and B. Z. Houlton. 2012. Nitrogen inputs
accelerate phosphorus cycling rates across a wide variety of
terrestrial ecosystems. New Phytologist 193:696–704.
Mucina, L., and M. C. Rutherford. 2006. The vegetation of
South Africa, Lesotho and Swaziland. Strelitzia 19. South
African National Biodiversity Institute, Pretoria, South
Africa.
Murphy, J., and J. P. Riley. 1962. A modified single solution
method for the determination of phosphate in natural waters.
Analytica Chimica Acta 27:31–36.
Nasto, M. K., S. Alvarez-Clare, Y. Lekberg, B. W. Sullivan, A.
R. Townsend, and C. C. Cleveland. 2014. Interactions among
nitrogen fixation and soil phosphorus acquisition strategies
in lowland tropical rain forests. Ecology Letters 17:1282–
1289.
May 2020 INTERACTIONS IN N AND P CYCLING Article e03003; page 13
Nguyen, N. H., Z. Song, S. T. Bates, S. Branco, L. Tedersoo, J.
Menke, J. S. Schilling, and P. G. Kennedy. 2016. FUNGuild:
an open annotation tool for parsing fungal community data-
sets by ecological guild. Fungal Ecology 20:241–248.
Ohkama-Ohtsu, N., and J. Wasaki. 2010. Recent progress in
plant nutrition research: cross-talk between nutrients, plant
physiology and soil microorganisms. Plant and Cell Physiol-
ogy 51:1255–1264.
€Ohlinger, R. 1996. Soil sampling and sample preparation. Pages
7–11 in F. Schinner, R. €Ohlinger, E. Kandeler, and R. Mar-
gesin, editors. Methods in soil biology. First edition. Springer,
Heidelberg, Germany.
Olander, L. P., and P. M. Vitousek. 2000. Regulation of soil
phosphatase and chitinase activityby N and P availability.
Biogeochemistry 49:175–191.
Quast, C., E. Pruesse, P. Yilmaz, J. Gerken, T. Schweer, P.
Yarza, J. Peplies, and F. O. Gl€ockner. 2012. The SILVA ribo-
somal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Research 41:D590–D596.
Reed, S. C., A. R. Townsend, C. C. Cleveland, and D. R.
Nemergut. 2010. Microbial community shifts influence
patterns in tropical forest nitrogen fixation. Oecologia 164:
521–531.
Reed, S. C., C. C. Cleveland, and A. R. Townsend. 2011. Func-
tional ecology of free-living nitrogen fixation: a contemporary
perspective. Annual Review of Ecology, Evolution, and Sys-
tematics 42:489–512.
Richter, D. D., H. L. Allen, J. Li, D. Markewitz, and J. Raikes.
2006. Bioavailability of slowly cycling soil phosphorus: major
restructuring of soil P fractions over four decades in an
aggrading forest. Oecologia 150:259–271.
Saunders, W. M. H., and E. G. Williams. 1955. Observations on
the determination of total organic phosphorus in soils. Jour-
nal of Soil Science 6:254–267.
Schleuss, P.-M., M. Widdig, A. Heintz-Buschart, A. Guhr, S.
Martin, K. Kirkman, and M. Spohn. 2019. Stoichiometric
controls of soil carbon and nitrogen cycling after long-term
nitrogen and phosphorus addition in a mesic grassland in
South Africa. Soil Biology and Biochemistry 135:294–303.
Simpson, F. B., and R. H. Burris. 1984. A nitrogen pressure of
50 atmospheres does not prevent evolution of hydrogen by
nitrogenase. Science 224:1095–1097.
Smith, V. H. 1992. Effects of nitrogen: phosphorus supply ratios
on nitrogen fixation in agricultural and pastoral ecosystems.
Biogeochemistry 18:19–35.
Smith, F. W., and W. A. Jackson. 1987. Nitrogen enhancement
of phosphate transport in roots of Zea mays L.: I. Effects of
ammonium and nitrate pretreatment. Plant Physiology
84:1314–1318.
Spiers, G. A., and W. B. McGill. 1979. Effects of phosphorus
addition and energy supply on acid phosphatase production
and activity in soils. Soil Biology and Biochemistry 11:3–8.
Spohn, M. 2016. Element cycling as driven by stoichiometric
homeostasis of soil microorganisms. Basic and Applied Ecol-
ogy 17:471–478.
Tian, J., K. Wei, L. M. Condron, Z. Chen, Z. Xu, and L. Chen.
2016. Impact of land use and nutrient addition on phos-
phatase activities and their relationships with organic
phosphorus turnover in semi-arid grassland soils. Biology
and Fertility of Soils 52:675–683.
Tiessen, H., E. Cuevas, and P. Chacon. 1994. The role of soil
organic matter in sustaining soil fertility. Nature 371:783.
Townsend, A. R., C. C. Cleveland, B. Z. Houlton, C. B. Alden,
and J. W. C. White. 2011. Multi-element regulation of the
tropical forest carbon cycle. Frontiers in Ecology and the
Environment 9:9–17.
Treseder, K. K. 2004. A meta-analysis of mycorrhizal responses
to nitrogen, phosphorus, and atmospheric CO2 in field stud-
ies. New Phytologist 164:347–355.
Treseder, K. K., and M. F. Allen. 2002. Direct nitrogen and
phosphorus limitation of arbuscular mycorrhizal fungi: a
model and field test. New Phytologist 155:507–515.
Treseder, K. K., and P. M. Vitousek. 2001. Effects of soil nutri-
ent availability on investment in acquisition of N and P in
Hawaiian rain forests. Ecology 82:946–954.
Ullrich-Eberius, C. I., A. Novacky, and A. J. E. van Bel. 1984.
Phosphate uptake in Lemna gibba G1: energetics and kinet-
ics. Planta 161:46–52.
Vitousek, P. M., K. E. N. Cassman, C. Cleveland, T. Crews, C.
B. Field, N. B. Grimm, R. W. Howarth, R. Marino, L. Marti-
nelli, and E. B. Rastetter. 2002. Towards an ecological under-
standing of biological nitrogen fixation. Biogeochemistry
57:1–45.
Vitousek, P. M., D. N. L. Menge, S. C. Reed, and C. C. Cleve-
land. 2013. Biological nitrogen fixation: rates, patterns and
ecological controls in terrestrial ecosystems. Philosophical
Transactions of the Royal Society B 368:20130119.
Widdig, M., P. M. Schleuss, A. R. Weig, A. Guhr, L. A. Bieder-
man, E. T. Borer, M. J. Crawley, K. P. Kirkman, E. Seabloom,
and P. Wragg. 2019. Nitrogen and phosphorus additions alter
the abundance of phosphorus-solubilizing bacteria and phos-
phatase activity in grassland soils. Frontiers in Environmental
Science 7:185.
Wurzburger, N., J. P. Bellenger, A. M. L. Kraepiel, and L. O.
Hedin. 2012. Molybdenum and phosphorus interact to con-
strain asymbiotic nitrogen fixation in tropical forests. PLoS
ONE 7:e33710.
Xiang, X., S. M. Gibbons, J.-S. He, C. Wang, D. He, Q. Li, Y.
Ni, and H. Chu. 2016. Rapid response of arbuscular mycor-
rhizal fungal communities to short-term fertilization in an
alpine grassland on the Qinghai-Tibet Plateau. PeerJ 4:
e2226.
Yuan, Z. Y., and Y. H. Chen. 2012. A global analysis of fine
root production as affected by soil nitrogen and phosphorus.
Proceedings of the Royal Society B 279:3796–3802.
Zechmeister-Boltenstern, S.1996. Non-symbiotic nitrogen fixa-
tion. Pages 122–134 in F. Schinner, R. €Ohlinger, E. Kandeler,
and R. Margesin, editors. Methods in soil biology. First edi-
tion. Springer, Heidelberg, Germany.
Zeglin, L. H., M. Stursova, R. L. Sinsabaugh, and S. L. Collins.
2007. Microbial responses to nitrogen addition in three con-
trasting grassland ecosystems. Oecologia 154:349–359.
Zeng, H., G. Liu, T. Kinoshita, R. Zhang, Y. Zhu, Q. Shen, and
G. Xu. 2012. Stimulation of phosphorus uptake by ammo-
nium nutrition involves plasma membrane H+ ATPase in rice
roots. Plant and Soil 357:205–214.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/
10.1002/ecy.3003/suppinfo
Article e03003; page 14 PERMARTEN SCHLEUSS ETAL. Ecology, Vol. 101, No. 5
